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Abstract

The combination of an immuno-metabolic adjuvant and immune checkpoint inhibitors holds great promise for effec-
tive suppression of tumor growth and invasion. In this study, a pH-responsive co-delivery platform was developed for
metformin (Met), a known immuno-metabolic modulator, and short interfering RNA (siRNA) targeting fibrinogen-like
protein T mRNA (siFGL1), using a hybrid biomimetic membrane (from macrophages and cancer cells)-camouflaged
poly (lactic-co-glycolic acid) nanoparticles. To improve the endo-lysosomal escape of siRNA for effective cytosolic
SiIRNA delivery, a pH-triggered CO, gas-generating nanoplatform was developed using the guanidine group of Met.
It can react reversibly with CO, to form Met-CO, for the pH-dependent capture/release of CO,. The introduction of
Met, a conventional anti-diabetic drug, promotes programmed death-ligand 1 (PD-L1) degradation by activating
adenosine monophosphate-activated protein kinase, subsequently blocking the inhibitory signals of PD-L1. As a
result, siFGL1 delivery by the camouflaged nanoparticles of the hybrid biomimetic membrane can effectively silence
the FGL1 gene, promoting T-cell-mediated immune responses and enhancing antitumor immunity. We found that a
combination of PD-L1/programmed death 1 signaling blockade and FGL1 gene silencing exhibited high synergistic
therapeutic efficacy against breast cancer in vitro and in vivo. Additionally, Met alleviated tumor hypoxia by reduc-
ing oxygen consumption and inducing M1-type differentiation of tumor-related macrophages, which improved the
tumor immunosuppressive microenvironment. Our results indicate the potential of hybrid biomimetic membrane-
camouflaged nanoparticles and combined Met-FGL1 blockade in breast cancer immunotherapy.
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Background

Immunotherapy is a groundbreaking therapeutic approach

that provides unparalleled opportunities to significantly

improve the treatment of various diseases, including can-
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immunoediting, tumors can escape immune surveillance
by activating inhibitory signals, also called immune check-
points, which are involved in the maintenance of immune
homeostasis and self-tolerance [6, 7]. Immune checkpoint
inhibitors (ICIs) have shown promise in advancing the
treatment of patients with advanced cancers [8].

Programmed death ligand-1 (PD-L1) is a well-studied
immune checkpoint inhibitor of programmed death 1
(PD-1), a T-cell negative regulator, and is upregulated on
the surface of solid tumors, including breast cancers [2,
9]. PD-L1 plays a critical role in suppressing antitumor
immune responses. Blocking the PD-1/PD-L1 interac-
tion exhibits remarkable anticancer therapeutic benefits
and is a promising treatment option for the development
of new immune checkpoint blockades and combination
treatments. Additionally, metformin (Met) has been
reported to directly exert antitumor effects by activat-
ing adenosine monophosphate-activated protein kinase
(AMPK) in the AMPK/mammalian target of rapamycin
(mTOR) pathway, which is critical for cancer progression,
and inhibiting mitochondrial respiratory-chain nicoti-
namide adenine dinucleotide (NADH) dehydrogenase
(complex I) activity, thus suppressing the respiration of
cancer cells [10-12]. Additionally, Met indirectly exerts
an antitumor effect by decreasing glucose and insulin
metabolism, thereby suppressing tumor cell growth [13,
14]. Furthermore, recent studies have demonstrated
that Met can regulate the differentiation and activity of
T cells via an intrinsic pathway [15] to promote PD-L1
degradation and activate AMPK, and subsequently block
PD-L1/PD-1 signaling [16]. These studies illustrate that
the anticancer mechanism of Met is immune-mediated.
Thus, Met has the potential to improve the therapeutic
outcomes of immunotherapy by blocking PD-L1/PD-1
signaling.

Lymphocyte-activation gene 3 (LAG3) is regarded
as one of the main inhibitory receptors associated with
depleted T lymphocytes, especially in tumors [17].
Fibrinogen-like protein 1 (FGL1) has been identified
as the main functional ligand of LAG3, independent of
major histocompatibility complex class II (MHC-II),
which is crucial for the negative regulation of T-cell func-
tion. Monoclonal antibody-mediated FGL1/LAG3
blockade therapies have proven beneficial in promot-
ing T-cell-mediated immune responses and enhanc-
ing antitumor immunity. FGL1 is produced in excess by
tumor cells, and the plasma concentration of FGLI is
negatively correlated with the prognosis and resistance
to the PD-1/PD-L1 axis blockade [18]. Despite a lack of
thorough understanding of the underlying mechanism,
several studies have shown that immune checkpoints
have non-overlapping functions with unique properties,
providing theoretical support for combination therapy
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with multiple ICIs [19, 20]. Breast cancer is a well-known
leading cause of death from malignant tumors in women,
and FGL1 is remarkably upregulated in several types of
tumors, including breast cancer [21]. In a previous study
[22], we demonstrated that delivering PD-L1 small inter-
fering RNA and indoleamine 2, 3-dioxygenase inhibitor
could produce synergistic effects against breast cancer.
In this regimen a dual blockade of an immune check-
point was achieved using self-assembled micelles with
functional peptides. In the present study, a breast cancer
model was used to evaluate the synergistic immunother-
apy efficacy of short interfering RNA (siRNA) targeting
FGL1 (siFGL1) and Met.

In recent years, the cell membrane-based biomimetic
nanoparticles (NPs) have been in the spotlight for thera-
peutic and imaging applications [23-25]. The resulting
cell membrane camouflaged NPs preserve the physico-
chemical properties of the NP core while possessing the
complex components of a natural cell membrane, which
might endow the NPs with many desirable biological
functions. Recently, a variety of cells except red blood
cells (RBCs), including platelets, immune cells (e.g., mac-
rophages), and cancer cells have been used to obtain
membrane materials [26—-29]. Compared with single cell
membrane, hybrid cell membrane-coating approach can
endow synthetic NPs with multifunctional and complex
cell-like functions [30]. Moreover, nano drug co-deliv-
ery system has emerged as a promising tool to achieve
multi-modal cancer therapy [31]. Recent investigations
have supported the synergistic antitumor effects of Met
combined with other chemotherapeutic drugs or photo-
sensitizers. The benefits of this combination therapy are
typically best realized when the two therapeutic modali-
ties are delivered by single cell membrane- or hybrid cell
membrane-coated NPs simultaneously [11, 14, 32]. In
this study, we selected a biomimetic nanoplatform using
a hybrid membrane-biomimetic poly (lactic-co-glycolic
acid) (PLGA)-based nanocarrier, as previously reported
[33]. We took advantage of the hybrid biomimetic mem-
brane camouflaged core—shell nanoplatform to deliver
Met and siFGL1. Met and siFGL1 were encapsulated in
PLGA to form a core, which was subsequently covered
with a hybrid biomimetic membrane from macrophages
and cancer cells to build a multiple-targeting biomi-
metic nanoplatform. A pH-triggered CO, gas-generating
nanoplatform was designed to improve the endosomal/
lysosomal escape of the encapsulated siRNA for effective
cytosolic siRNA delivery. The guanidine group of Met can
react reversibly with CO, to form Met-CO, for the pH-
dependent capture/release of CO,, which could facilitate
low-pH-activated endosomal/lysosomal escape of the
encapsulated siRNA. This hybrid biomimetic membrane,
obtained by fusing RAW?264.7 macrophage membranes
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(M) and 4T1 breast cancer cell membranes (C), has been  Methods

proven to possess the multi-targeting capability. We pos-  Materials

tulated that Met and siFGL1 would exert a synergistic = Metformin (catalog #M258858) was purchased from
immunotherapy effect. For this purpose, Met and siFGL1-  Toronto Research Chemicals (Toronto, Canada). PLGA
loaded hybrid biomimetic membrane camouflaged nano-  (50:50, Mw 35000) was purchased from Lactel Absorb-
particles (MC-PLGA@Met-CO2/siFGL1 NPs, Scheme 1)  able Polymers (Pelham, AL, USA) and poly (vinyl
were prepared, and their synergistic immunotherapy alcohol) (PVA, 80% hydrolyzed, Mw 9-10 kDa) was pur-
effects were further investigated in vitro and in vivo. chased from Sigma-Aldrich (catalog #360627-500G).
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Scheme 1 Synthesis and intracellular uptake of metformin and FGL1 siRNA-loaded pH-responsive hybrid membrane-coated nanoparticles
(MC-PLGA@Met-CO2/siFGL1T NPs)
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4/, 6-diamidino-2-phenylindole (DAPI) was obtained
from Cayman Chemical Company (Ann Arbor, MI,
USA). Annexin V-FITC/PI apoptosis detection rea-
gent was supplied by BD (USA). Bicinchoninic acid
(BCA) protein assay reagent kit was purchased from
Pierce Chemical Co. (Rockford, IL, USA). PD-L1 anti-
body (catalog #66248-1-Ig), AMPK-a antibody (catalog
#66536-1-1g), FGL1 antibody (catalog #16000-1-AP) were
obtained from Proteintech (Chicago, USA). Phospho-
AMPK-a (Thr172) (40H9) rabbit monoclonal antibod-
ies (catalog #2535) were obtained from Cell Signaling
Technology (Beverly, MA, USA). Rabbit anti-CD86/PE
(bs-1035R-PE) and anti-macrophage mannose receptor
1/fluorescein isothiocyanate (FITC) (bs-23178R-FITC)
were purchased from Beijing Biosynthesis Biotechnology
Co. Ltd (Beijing, China). Negative siRNA (siNeg) control:
sense, 5-UUCUCCGAACGUGUCACGUdTdT-3’ and
antisense, 5-ACGUGACACGUUCGGAGAAdTAT-3/;
siFGL1: sense, 5'-GAAGUCCAGUUCCUUGAUAJdTAT-
3’ and antisense, 5-UAUCAAGGAACUGGACUU
CdTdT-3’; Fluorescein amidite (FAM)-labeled siFGL1
(FAM-siFGL1), and Cy5.5 labeled siFGL1(Cy5.5-siFGL1)
were synthesized by GenePharma (Shanghai, China).

Animals

Animal experiments were conducted in accordance with
the United States National Institutes of Health Guide for
the Care and Use of Laboratory Animals (NIH Publica-
tion No. 8023, revised 1978) and the experiment proto-
cols were approved by the Shanghai Jiao Tong University
Animal Care and Use Committee.

Preparation and characterization of MC-PLGA@Met-CO,/
siFGL1 NPs

Before preparing the NPs, Met-CO, was prepared by
bubbling an aqueous solution of Met for 1 h with CO,.
The Met-CO, solution was subsequently lyophilized,
13C-nuclear magnetic resonance (**C-NMR; 400 MHz)
was performed after re-dissolving the samples in D,O.
Fourier-transform infrared (FTIR) spectra were obtained
using KBr windows on a Perkin-Elmer spectrophotom-
eter in the range of 4000-400 cm™!. We incorporated
both Met-CO, and siFGL1 in PLGA@Met-CO,/siFGL1
NPs by adopting the double emulsion (w/o/w) process. In
brief, 20 mg of PLGA was dissolved in 2 mL of dichlo-
romethane. This organic solution and 400 pL of deion-
ized (DI) water dissolved in 1 mg/mL Met-CO, and
500 pg/mL FGL1 siRNA (without or with Cy5.5 modi-
fication, Sigma) were transferred into a centrifuge tube
(50 mL). The sample was then emulsified using a probe-
type sonicator at 4 °C for 1 min. A total of 8 mL of the
secondary water phase (2.0% w/v PVA) was added to the
primary emulsion, and the sample was further emulsified
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for 1 min. The organic solvent was removed by rotary
evaporation at 30 °C, and the rest of the solution was col-
lected by centrifugation for 10 min at 10,000 rpm and
washed twice in DI water. The encapsulation efficiency
(EE%) of siRNA was calculated as the ratio of the amount
of siRNA encapsulated in the NPs to the total amount
of siRNA fed for encapsulation. The loading content of
the siRNA was calculated as the ratio of the amount of
siRNA encapsulated in the NPs to the total amount of
NPs including the siRNA. Both the encapsulation effi-
ciency and loading content were quantified using Cy5.5-
siFGL1 for encapsulation. Similarly, the encapsulation
efficiency and loading content of Met were determined.
The amount of Cy5.5-siFGL1 in a sample was determined
by fluorescence measurement using a GloMax-Multi Jr
Single Tube Multimode Reader (Promega, Madison, WI).
The concentration of Met was then determined using a
UV spectrophotometer (UV- 2600, Shimadzu, Japan) at
233 nm [34, 35].

The cell membrane was isolated from RAW?264.7
and 4T1 cells, and the fused RAW-4T1 hybrid mem-
brane (MC) was prepared in accordance with our pre-
viously reported approach [33]. The RAW264.7 cell
membrane (M), 4T1 cell membrane (C), or fused RAW-
4T1 hybrid membrane (MC) were then coated onto the
core of PLGA@Met-CO,/siFGL1 NPs by sonicating for
2 min using an FS30D bath sonicator (Fisher Scientific,
Waltham, MA) to form the final cell membrane-coated
NPs. The MC-PLGA@Met-CO,/siFGL1 NPs were main-
tained at different pH values (pH=7.4, 6.0, and 5.0) of
HEPES buffer, and their size distribution and zeta poten-
tial were measured to characterize the components of cell
membrane and pH sensitivity by dynamic light scattering
(DLS, Zetasizer Nano ZS90, Malvern). The morphol-
ogy of cell membrane-coated NPs at different pH values
(pH=7.4, 6.0, and 5.0) was also observed by transmis-
sion electron microscopy (TEM) (TECNAI G2STWIN,
FEI, Hillsboro, Oregon, USA). Additionally, immunogold
staining, concomitant with TEM, was conducted to pro-
vide visual evidence that the MC hybrid membrane and
PLGA@Met-CO,/siFGL1 were simultaneously present
using both M and C membrane markers, as previously
reported [33].

Agarose gel electrophoresis

To assess the siRNA condensation ability of Met-CO,,
an appropriate amount of siFGL1 was added to the Met-
CO, solution at various Wy.coo/ Wiirgr ratios (0, 0.125,
0.25, 0.5, 1, 2, 4, 8, and 10) and incubated for 30 min
at room temperature. The solution was then electro-
phoresed at 100 V for 1 h on a 1% (w/v) agarose gel with
Gelred stain in Tris—acetate-EDTA buffer. The gel was
subsequently photographed using a UV transilluminator.
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To investigate whether pH affected the release of siFGL1
from cell membrane-coated NPs, Met-CO,-siFGL1,
PLGA@Met-CO,/siFGL1 NPs, and MC-PLGA@Met-
CO,/siFGL1 NPs (Wyter.coo/ WrgL1=1) were mixed
at different pH values in sodium phosphate buffer for
30 min at room temperature. The samples were then
subjected to agarose gel retardation assay. For the RNase
A protection assay, the samples of Met-CO,-siFGL1,
PLGA@Met-CO2/siFGL1 NPs and MC-PLGA@Met-
CO,/siFGL1 NPs (Wiee.coe! Wrgr1 =0.25) were incu-
bated with RNase A (dose: W rna/Wirnase a=1: 5 per
well) for 30 min. The electrophoretic gel assay was per-
formed as described above.

Cellular uptake assay

In order to evaluate the cellular uptake efficiency of
siFGL1 mediated by MC-PLGA@Met-CO,/siFGL1 NPs,
FAM-siFGL1 was entrapped into the hybrid membrane-
coated NPs. Briefly, 4T1 cells were seeded in 12-well
plates at a cell density of 1.5 x 10° cells per well. After
culturing for 24 h, the cells were incubated with FAM-
siFGL1, PLGA@Met-CO,/FAM-siFGL1 NPs, and MC-
PLGA@Met-CO,/FAM-siFGL1 NPs at 37 °C for up to
4 h. The cellular uptake of FAM-siFGL1 by PLGA NPs
with or without hybrid membrane coating was evalu-
ated using a flow cytometer (FACSCalibur; BD Bio-
sciences, UK). The experiment was repeated three
times.

Confocal laser scanning microscopy (CLSM) was used
to observe the distribution of FAM-siFGL1-mediated by
PLGA NPs with or without hybrid membrane coating in
cells. Briefly, 4T1 cells were seeded (5 x 10* cells per well)
on 24-well plates with a glass bottom. After culturing for
12 h, cells were incubated with FAM-siFGL1, PLGA@
Met-CO,/FAM-siFGL1 NPs, or MC-PLGA@Met-CO,/
FAM-siFGL1 NPs at 37 °C for 4 h. The cell culture
medium was removed, and the cells were washed thrice
with phosphate-buffered saline (PBS) and fixed using 4%
paraformaldehyde. The cells were then treated with DAPI
for nuclear staining. Finally, the cells were observed by
CLSM (Olympus, Tokyo, Japan).

Intracellular lysosome escape assay

4T1 cells were treated with MC-PLGA@Met/FAM-
siFGL1 NPs (without CO,), and MC-PLGA@Met-CO,/
FAM-siFGL1 NPs (with CO,) for 2 h and 4 h, respec-
tively, and used with Met instead of Met-CO, for hybrid
membrane-coated NPs without CO,. The cell culture
media was then removed and incubated at 37 °C for
40 min with preheated cell culture medium, with 50 nM
of Lyso-Tracker Red (Molecular Probe, Invitrogen Co.,
OR, USA) for lysosomal staining. Subsequently, the cells
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were washed thrice with PBS and then treated with DAPI
for nuclear staining. Finally, the cells were observed by
CLSM (Olympus). In order to further observe the lysoso-
mal escape phenomenon in MC-PLGA@Met-CO,/FAM-
siFGL1 NPs (with CO,), sequential two-dimensional
CLSM images were obtained to produce three-dimen-
sional (3D) CLSM images.

In vitro release of Met

Met release from MC-PLGA@Met-CO,/siFGL1 NPs at
different pH values (pH="7.4, 6.0, and 5.0) was investi-
gated by dialysis against PBS at 37 °C. Briefly, 5.0 mL of
MC-PLGA@Met-CO,/siFGL1 NPs was transferred into a
dialysis bag (MWCO 3500 Da), followed by immersion in
30 mL of PBS at different pH values (pH=7.4, 6.0, and
5.0), with stirring at 120 rpm at 37 °C. At set intervals,
1 mL of external solution was replaced with an equivalent
volume of fresh PBS. The concentration of released free
Met was then determined using a UV spectrophotometer
(UV-2600, Shimadzu, Japan) at 233 nm.

Cell cycle analysis

The cell cycle was evaluated using a cell cycle staining
kit (Multisciences Biotech, Hangzhou, China). Briefly,
4T1 cells were seeded in 12-well plates at a cell density
of 1.5 x 10° cells per well. After culturing for 24 h, cells
were incubated with Met-CO,, MC-PLGA@Met-CO,
NPs, and MC-PLGA@Met-CO,/siFGL1 NPs at 37 °C
for 48 h (Met: 10 mM; siFGL1: 100 nM). The cells were
collected and incubated with DNA staining solution and
permeabilization solution, in accordance with the manu-
facturer’s instructions. Finally, the cell-cycle distribution
was analyzed using flow cytometry (FACSCalibur; BD
Biosciences, Oxford, UK).

Cytocompatibility assessment

The toxicity of the blank nanomaterials without Met and
siFGL1 against 4T1 cells was determined by cell viability
assay. Briefly, 4T1 cells (8 x 10° cells per well) seeded into
96-well plates were incubated in 5% CO, at 37 °C. Twen-
tyfour hours later, 100 pL of different concentrations of
MC-PLGA NPs (0, 25, 50, 100, 200, 400 pg mL™!) were
added into each well of the 96-well plate. Twenty-four
and 48 h later, 10 uL. of CCK-8 was added to each well
and and the cells were continued to incubate for 2 h in
5% CO, at 37 °C. The plates were then subjected to a cell
viability assay, using a microplate reader at 450 nm. The
results were calculated as the means £+ SD of at least five
independent experiments.
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Tumor cell killing assay mediated by co-culture

To determine the rate of tumor cell apoptosis, 4T1 cells
were pretreated using 25 ng/mL of interferon-y (IFN-y),
which was used to stimulate a high expression of PD-L1
[36]. After 24 h, the cells were counted and seeded in
12-well plates and co-cultured with lymphocytes (sepa-
rated from the spleens of female BALB/C mice for
6 weeks) at a ratio of 1:10 (tumor cell/lymphocyte). The
co-cultured cells were then incubated with Met-CO,,
siFGL1, MC-PLGA@Met-CO, NPs, MC-PLGA@siFGL1
NPs, and MC-PLGA@Met-CO,/siFGL1 NPs at 37 °C for
48 h (Met: 10 mM; siFGL1: 100 nM). Finally, lymphocytes
and cell debris were removed by PBS, and the cancer cells
were collected, stained with an Annexin V-PI apoptosis
kit, and detected using flow cytometry.

Western blot analysis

Western blotting was used to evaluate protein expression
of the AMPK signaling pathway in tumor cells influenced
by Met. Briefly, 4T1 cells were seeded in 6-well plates
at a density of 5x 10° cells per well. After culturing for
24 h, the cells were incubated with different concentra-
tions of Met delivery by MC-PLGA@Met-CO,/siFGL1
NPs at 37 °C for 48 h. In addition, to analyze the knock-
down efficiency of siFGL1 and the reduction of PD-L1
levels by Met-activated AMPK, the cells were incubated
with different concentrations of MC-PLGA@Met-CO,/
siFGL1 or MC-PLGA@Met-CO,/siNeg NPs at 37 °C
for 48 h. The cells were harvested and incubated with
radioimmunoprecipitation assay buffer, and the protein
concentration of cell lysates was measured using a BCA
protein assay kit. The protein sample was transferred to
polyvinylidene fluoride membranes, blocked with 5%
nonfat milk, and then incubated with primary antibod-
ies at 4 °C for 12 h. Membranes were then washed and
incubated with the secondary antibody for 30 min at
room temperature. Finally, the membranes were washed
and visualized using enhanced chemiluminescence (Mil-
lipore, Bedford, MA, USA). B-actin was used as a loading
control. Images were obtained using a GE Image Quant
Las 4000 mini (GE, Fairfield, CT, USA).

Antitumor effect in vivo

To investigate the in vivo antitumor effect of MC-
PLGA@Met-CO,/siFGL1 NPs, 1 x 10° 4T1 cancer cells
were injected subcutaneously into the right breast of
mice, thereby establishing a 4T1 mouse allograft model
of breast cancer. Once the tumor volume reached ~ 100
mm?, the 4T1 murine breast cancer-bearing mice were
randomly divided into 6 groups (n=6, each group), as
follows: (1) normal saline control group, (2) Met-CO,—
treated group, (3) siFGL1-treated group, (4) MC-PLGA@
Met-CO, NP-treated group, (5) MC-PLGA@siFGL1
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NP-treated group, and (6) MC-PLGA@Met-CO,/siFGL1
NP-treated group, with the Met equivalent of 16 mg/kg
and siFGL1 of 2 mg/kg. The drugs were injected via the
tail vein every four days, four consecutive times. Tumor
volumes and animal body weights were monitored reg-
ularly. The tumor volume was calculated according to
the following formula: (length x width?/2). The survival
period was also recorded. After completion of the experi-
ment, tumors were excised and weighed. The tumor
inhibitory rate (TIR) was calculated using the follow-
ing equation: TIR=[1—(W,—W,)/ (W,—W,)] x 100%,
where W, is the final mean tumor weight of the tested
groups, W, is the initial mean tumor weight of the tested
groups, and W, is the final mean tumor weight of the
saline group.

Flow cytometry analysis and ELISA

Tumor specimens were cut into small pieces with a scis-
sor. After lysis of red blood cells using red blood cell lysis
buffer, the resulting cells were filtered through nylon-
mesh filters (70 pm). The single-cell suspensions were
re-suspended in PBS containing 2% fetal bovine serum.
The cell suspension was stained with anti-CD3-FITC,
anti-CD4-PE, and anti-CD8-APC antibodies, following
the manufacturer’s protocols to analyze the T cells. The
cells were then analyzed using flow cytometry. We also
analyzed the levels of tumor-associated IFN-y and inter-
leukin-2 (IL-2) in tumor samples obtained from the mice
after treatment using an enzyme-linked immunosorbent
assay (ELISA), following the manufacturer’s protocol.
Furthermore, the tumor tissue sections were stained with
Ki-67 and hematoxylin and eosin (H&E) for histopatho-
logic analysis.

Immunofluorescence

Tumor tissues collected from sacrificed mice were fixed
in 4% paraformaldehyde solution and embedded in par-
affin for immunofluorescence staining. We assessed the
hypoxic area of the tumor tissues in each group using
Hypoxyprobe -1 Plus Kits (FITC- Mab, Hypoxyprobe,
Inc., Burlington MA) as a hypoxia probe. To observe the
effect of MC-PLGA@Met-CO,/siFGL1 NPs on the polar-
ization of tumor-associated macrophages (TAMs), rabbit
polyclonal FITC-anti-macrophage mannose receptor 1
antibody (dilution 1:50) and rabbit polyclonal PE-CD86
antibody (dilution 1:50) were used to determine the dis-
tribution of macrophages with M1 or M2 phenotype
in tumor tissues, respectively. CD8 positive cells were
stained with anti-mouse CD8 antibody and detected by
Cyanine 3 (Cy3)-labeled secondary antibody. Nuclei were
stained with DAPI. Finally, the sections were observed
under CLSM (Zeiss LSM710) and all images were digi-
tally acquired using LSM soiware (ZEN2010).
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Histology and immunohistochemistry analysis
Histological examination of the major organs (the heart,
liver, spleen, lung, and kidney) and tumor tissues was
performed using H&E staining. At the end of the treat-
ment, the major organs and tumor tissues were collected
and immediately fixed in 4% paraformaldehyde for one
day, embedded in paraffin, and then sectioned. The major
organs were stained with H&E. Moreover, the tumor
issue sections were immunohistochemically stained for
PD-L1, FGL1, Thr172, and AMPK-a histopathologic
analysis.

Statistical analysis

Data are expressed as the meanz=standard deviation
(SD). Analysis of variance (ANOVA) was used to evaluate
the differences among groups. A p-value<0.05 was con-
sidered statistically significant.

Results

Synthesis and characterization of MC-PLGA@
Met-CO,-siFGL1 NPs

Met-CO, was produced by bubbling an aqueous solu-
tion of Met for 1 h with CO,. As shown in Fig. 1b, both
Met and Met-CO, exhibited maximum absorbance at
about 233 nm; accordingly, the concentrations of both
Met and Met-CO, were determined using a UV-spectro-
photometer at 233 nm. The formation of Met-CO, was
verified using FTIR spectra and "*C-NMR. The forma-
tion of bicarbonate of Met by CO, are shown by the FTIR
transmittance patterns of Met-CO, (red curve) along
with Met (black curve) (Fig. 1c). The chemical building
of Met-CO, displayed a peak at 1656 cm™!, correspond-
ing to the carbonyl absorbing peak (—C=O, red arrow),
indicating the formation of bicarbonate of Met by CO,.
However, the FTIR spectrum of Met-CO, was similar to
that of Met. Both Met-CO, and Met displayed peaks at
3446 cm™', 3387 cm ™', 3303 cm ™', and 3061 cm ™, cor-
responding to the amide groups (amide stretching vibra-
tion); at 1671 cm™!, corresponding to the imine (C=NH)
bond of the Met-CO, or Met; and at 1484 cm™! and
1411 cm™}, which belonged to the stretching vibration
mode of the two methyl groups attached to one nitrogen
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atom in Met-CO, or Met. The C-N stretching vibration
mode in Met-CO, or Met was located at 1052 cm ™. Fig-
ure 1d shows the '>*C-NMR (D,O, 400 MHz) spectra of
Met-CO,. A peak centered at 158.46 ppm emerged, con-
sistent with the formation of carbonate [37]. The spec-
trum showed characteristic signals for bi-guanidine at
160.24 ppm. Two signals at 37.45 and 36.67 ppm corre-
sponded to the two methoxy carbons in Met-CO,.

Representative TEM images of the PLGA@Met-CO,/
siFGL1 NPs, and MC-PLGA@Met-CO,/siFGL1 NPs (pH
7.4, 6.0, and 5.0) are shown in Fig. le, f. The MC-PLGA@
Met-CO,/siFGL1 NPs displayed characteristic core—
shell-like bilayer membrane structures. The hybrid mem-
brane-coated NPs were stable at neutral pH of 7.4 (Fig. 1f
a) and were 142+ 3.5 nm in diameter, with a polydisper-
sity index (PDI) of 0.257 0.0203 (Fig. 1h) and negatively
charged surface (surface zeta potential, -30.5+2.5 mV;
Fig. 1j). The size of the hybrid membrane-coated NPs
synthesized using Met without CO, (MC-PLGA@
Met/siFGL1 NPs) was not significantly affected at a pH
of 6.0 or 5.0 (Fig. 1i). In contrast, when Met-CO, was
used, their size increased to 225.7+10.2 nm, and defor-
mation (Fig. 1f b) was observed on some of the hybrid
membrane-coated NPs at pH 6.0. When the pH was fur-
ther reduced to 5.0, the size increased by more than 1.51
times (to 340.9+19.5 nm) for most NPs (Fig. 1h), and
defects were observed on all hybrid membrane-coated
NPs (Fig. 1f c). Additionally, immunogold labeling, fol-
lowed by TEM imaging, provided visual evidence that
single MC-PLGA@Met-CO,/siFGL1 NPs simultaneously
presented both 4T1-specific and RAW-specific markers
(Fig. 1g). The drug loading (DL) and encapsulation effi-
ciency (EE) for siFGL1 (2.13%, 80.14%) and Met (1.61%,
78.42%) in MC-PLGA@Met-CO2/siFGL1 NPs.

Agarose gel electrophoresis

The condensation ability of the complexes was deter-
mined by agarose gel electrophoresis. A complete mobil-
ity shift of siFGL1 was achieved at a Wy...cos/WircL1
ratio of 1 (Fig. 2a). The migration of siFGL1 into the
electrophoretic agarose gel was almost completely inhib-
ited by Met-CO, or nanoparticle encapsulation, with

(See figure on next page.)

Fig. 1 Characterization of MC-PLGA@Met-CO,/siFGL1. a lllustrations of the chemical reactions for the modification of Met with guanidine and the
pH-triggered CO, gas generated by the guanidine-modified Met. b UV absorption spectra of Met and Met-CO, in the range of 220-300 nm. ¢ FTIR
spectra of Met and Met-CO,. d The '>C-NMR spectrum of Met and Met-CO, dissolved in D,O. e Representative TEM images of PLGA@Met-CO,/
siFGL1 NPs negatively stained with vanadium (scale bar= 100 nm). f Representative TEM images of MC-PLGA@Met-CO,/siFGL1 NPs at pH 7.4 (a,
scale bar=>50nm), 6.0 (b, scale bar=100 nm), and 5.0 (c, scale bar=100 nm), negatively stained with vanadium. g Immunogold TEM images of MC
and MC-PLGA@Met-CO,/siFGL1 NP samples probed for a4 (red arrows, large gold) and vascular cell adhesion molecule-1 (yellow arrows, small gold)
after negative staining with 2% sodium phosphotungstate (scale bar=>50 nm). h NP size distribution of PLGA@Met-CO,/siFGL1 NPs and MC-PLGA@
Met-CO,/siFGL1 NPs at pH7.4, 6.0, and 5.0, determined by DLS. i NP size distribution of MC-PLGA@Met/siFGLT NPs (without CO,) at pH7.4, 6.0, and
5.0, determined by DLS. j Zeta potential of PLGA@Met-CO,/siFGL1 NPs and MC-PLGA@Met-CO,/siFGLT NPs




Gong et al. J Nanobiotechnol

(2021) 19:58

Page 8 of 20

a
HN n l\ Neutral
T T +H:0 + cox <
NH NH Acidic pH
Metformin(Met)
C

120

0.8

zT
=z

HN

HCOs=NH," NH,* HCO3-

Met-CO2

0.24

0.04

T T T
220 240 260

Wavelength(nm)

100

80

Transmitance[%]
60

< | N-H
I ||
o 4 85 8 2 8 e
§88 8 f&
[V
SR8 8 5
3500 3000 2500 2000

Wavenumber/cm-1
e PLGA@Met-CO. |
/siFGL1 NPs

a)

Wt o % o %o 0 o 1% % % B 0 H & B H D0
G

MC-PLGA@Met-CO2/siFGL1 NPs
b) c)

MC

MC-PLGA@Met-COx/
siFl s )

Size Distribution by Intensity

- 257
s
20~
g
1
2
3 10- 1
€
= |
5
0 A N ]
0.1 1 10 100 1000 10000
Size (d.nm)
PLGA@Met-CO2/siFGL1 NPs MC-PLGA@Met-CO2/siFGL1 NPs pH=7.4
MC-PLGA@Met-CO2/siFGL1 NPs pH=6.0 MC-PLGA@Met-CO2/siFGL1 NPs pH=5.0
i Size Distribution by Intensity j Zeta Potential Distribution
147 700000
12 600000 -
g 10+ l 2 500000 -
2 8 i 3 400000 -
G S
£ 6 T 300000 -
- i
4 200000
2- 100000 -
0 NN | DUNDEDNO § s + \ WO | e 0 i 4 > i + 1
0.1 1 10 100 1000 10000 -200 -100 0 100 200
Size (d.nm) Zeta Potential (mV)
MC-P) MC-PL 1 NPs pH=6.0

L iFGL1 NPs pH=7.4
MC-PLGA@Met/siFGL1 NPs pH=5.0

PLGA@Met-CO2/siFGLI NPs ————  MC-PLGA@Met-CO2/ siFGL1 NPs




Gong et al. J Nanobiotechnol (2021) 19:58

negligible release at pH 7.4 (Fig. 1b). At pH 6.0, a smaller
electrophoresis band was observed, indicating a slower
release of the siRNA, while a strong electrophoresis band
was observed at pH 5.0 for MC-PLGA@Met-CO,/siFGL1
NPs. These data show that the low-pH-trigged nano-
bomb effect of the MC-PLGA@Met-CO,/siFGL1 NPs
could result in a pH-sensitive release of the encapsulated
siFGL1. Furthermore, to verify whether MC membrane
cloaking would protect the siRNA from RNase A deg-
radation, RNase A was added [38]. As shown in Fig. 2c,
after incubation with RNase A for 30 min at 37 °C, a
bright band still emerged on electrophoresis for MC-
PLGA@Met-CO,/siFGL1 NPs, whereas the electropho-
resis band for Met-CO,-siFGL1 and PLGA@Met-CO,/
siFGL1 NPs had disappeared, which is different from
those of Met-CO,-siFGL1, PLGA@Met-CO,/siFGL1
NPs and MC-PLGA@Met-CO,/siFGL1 NPs at 30 min
incubation time without RNase A. It was concluded that
the MC membranes protected the siRNA from RNase
A degradation in the negatively charged PLGA NPs and
the guanidine group of Met could condense and protect
siRNA, which is consistent with previous reports [39, 40].

Cellular uptake assay

We further investigated the uptake of FAM-siFGL1
mediated by hybrid membrane-coated NPs using flow
cytometry. As shown in Fig. 2d, there was a higher level
of uptake of MC-PLGA@Met-CO,/FAM-siFGL1 NPs
than of PLGA@Met-CO,/FAM-siFGL1 NPs, and the
difference in relative fluorescence intensity was sig-
nificant after 4 h (Fig. 2e, p<0.05). However, hardly any
cell uptake was observed in free FAM-siFGL1, which
indicates that FAM-siFGL1 cannot be taken up by cells
unless it is loaded using the hybrid membrane-coated
NPs or PLGA NPs (p<0.01).

CLSM was conducted to observe the intracellular dis-
tribution of FAM-siFGL1 mediated by hybrid mem-
brane-coated NPs in 4T1 cells. As shown in Fig. 2f,
nuclei stained with DAPI showed green fluorescence,
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corresponding to FAM-siFGL1. After 4 h of treatment,
there was a stronger green fluorescence for MC-PLGA@
Met-CO,/FAM-siFGL1 NPs than for PLGA@Met-CO,/
FAM-siFGL1 NPs, while hardly any green fluores-
cence was observed for free FAM-siFGL1. These results
reflected the results obtained from flow cytometry.

Intracellular lysosome escape assay

To investigate intracellular trafficking, FAM-siFGL1
was encapsulated in MC-PLGA@Met/FAM-siFGL1
NPs (without CO,) or MC-PLGA@Met-CO,/FAM-
siFGL1 NPs (with CO,). We labeled intracellular acidic
lysosomes with LysoTracker Red, which presents with
red fluorescence. Additionally, the location of nuclei
is indicated by blue fluorescence, green fluorescence
corresponds to FAM-siFGL1, and yellow fluorescence
corresponds to the overlap between green and red fluo-
rescence, representing FAM-siFGL1 trapped within the
endosome. As shown in Fig. 2g, most FAM-siFGL1 medi-
ated by MC-PLGA@Met/FAM-siFGL1 NPs (without
CO,) was trapped in the lysosome at both 2 h and 4 h,
while FAM-siFGL1 mediated by MC-PLGA@Met-CO,/
FAM-siFGL1 NPs (with CO,) was always distributed
outside the lysosome after 2 h or 4 h. We further investi-
gated the intracellular distribution of FAM-siFGL1 medi-
ated by MC-PLGA@Met-CO,/FAM-siFGL1 NPs (with
CO,) using 3D CLSM images. As shown by the merged
images in Fig. 2h, the intracellular green fluorescence and
red fluorescence did not overlap after 4 h, which further
illustrated that CO, facilitates the escape of FAM-siFGL1
from the lysosomes.

In vitro drug release

The release profiles of Met from the hybrid membrane-
coated NPs were investigated at various pH values
(pH=74, 6.0, and 5.0) (Fig. 3a). In the first 6 h, nearly
37% and 48% of Met was released at pH 5.0 and 6.0,
respectively. MC-PLGA@Met-CO,/siFGL1 NPs exhib-
ited a slow drug release of 3% within 6 h at pH 7.4. This

(See figure on next page.)

endosomes/lysosomes, and blue representing 4T1 cell nuclei

Fig. 2 Electrophoretic gel assay, cellular uptake, and endosome escape of MC-PLGA@Met-CO,/FAM-siFGLT NPs in 4T1 cells. a Agarose gel
electrophoresis of siFGL1 and Met-CO, binding affinity under different N/P ratios. b Electrophoretic gel assay of Met-CO,-siFGL1 (lane 1), PLGA@
Met-CO,/siFGL1 (lane 2), and MC-PLGA@Met-CO,/siFGLT (lane 3) (w/ w ratio=1) at different pH values (pH=7.4, 6.0 and 5.0). ¢ RNase protection
assay. Naked siRNA, siRNA encapsulated within the Met-CO,-siFGL1 4 RNase A (or without adding RNase A) (lane 1), PLGA@Met-CO,/siFGL1 + RNase
A (or without adding RNase A) (lane 2), MC-PLGA@Met-CO,/siFGL1 + RNase A (or without adding RNase A) (lane 3). d Flow cytometry analysis of
the amount of FAM-siFGL1 internalized by 4T1 cells after 4 h of incubation. e Quantitative analysis of the relative fluorescence intensity of 4T1 cells
(n=3). f Confocal microscopy images of 4T1 cells incubated with FAM-siFGL1, PLGA@Met-CO,/FAM-siFGL1T NPs, or MC-PLGA@Met-CO,/FAM-siFGL1
NPs for 4 h. g Representative confocal microscopy images of 4T1 cells incubated with MC-PLGA@Met/FAM-siFGL1 NPs (without CO,), MC-PLGA@
Met-CO,/siFGL1T NPs (with CO,) for 2 h and 4 h at 37 °C. The cell nuclei were stained using DAPI (blue), the endo/lysosomes were stained using
LysoTracker Red (red), and siFGL1 was labeled with FAM (green). The scale bar is 20 um. h Three-dimensional confocal images of 4T1 cells incubated
with MC-PLGA@Met-CO,/FAM-siFGL1 NPs showing intracellular endosome escape behavior, with green representing siFGL1, red representing
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result indicates that the hybrid membrane-coated NPs
might be more stable under physiological conditions.
Met was released faster at pH 5.0 than that at pH 6.0,
with approximately 86% and 73%, respectively, of the
total Met content released from the hybrid membrane-
coated NPs within 24 h. MC-PLGA@Met-CO,/siFGL1
NPs released about 37% of Met within 24 h at pH 7.4.

Effects of MC-PLGA@MetCO,/siFGL1 on the cell cycle

Flow cytometry was used to further investigate the effect
of Met on the cell cycle. The effects of Met formulations
on cell cycle arrest in 4T1 cells are shown in Fig. 3b.
Compared to that with MC-PLGA@Met-CO, NPs, there
was a non-obvious upsurge in the accumulation of G1
phase cells among 4T1 cells with MC-PLGA@Met-CO,/
siFGL1 NPs. This indicated that siFGL1 had no obvious
cell cycle arresting effect on 4T1 cells.

Cytocompatibility assessment

We investigated the toxicity of the blank nanomaterials
(MC-PLGA NPs) (Fig. 3c). It was biocompatible during
0-400 pg/mL with the cells viability above 85% after 24-
and 48-h incubation with MC-PLGA NPs, indicating a
good biocompatibility of the NPs.

Tumor cell killing assay mediated by co-culture

To further investigate the antitumor response in the co-
culture system, flow cytometry was used to analyze cell
apoptosis after incubation with the Annexin V-FITC/PI
kit. As shown in Fig. 3d a, an increase in cell apoptosis in
4T1 cells was detected with Met-CO, and MC-PLGA@
Met-CO, NPs. MC-PLGA@Met-CO, NPs induced cell
apoptosis by 50.21%, which was approximately 1.41-fold
higher than that for Met-CO,. MC-PLGA@Met-CO,/
siFGL1 NPs induced 4T1 cell apoptosis more effec-
tively than MC-PLGA@Met-CO, NPs, by approximately
1.51-fold. Additionally, siFGL1 failed to induce cell kill-
ing efficacy when compared with the control (apoptosis
rate: 13.76% vs. 11.21%), which might be attributed to its
instability and easy degradation in serum, and limited
membrane permeability [41, 42]. MC-PLGA@siFGL1
NPs were also able to induce cell apoptosis in 4T1 cells
at a rate of approximately 60.78%, indicating that siFGL1
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loaded with the aid of hybrid membrane-coated NPs
could silence the FGL1 gene in 4T1 cells, thereby pro-
moting T-cell immunity. Furthermore, MC-PLGA@Met-
CO,/siFGL1 NPs caused a high rate of apoptosis in 4T1
cells (approximately 75.71%) (p<0.01 vs. MC-PLGA@
Met-CO, NPs and p<0.01 vs. MC-PLGA@siFGL1 NPs),
indicating that the delivery of Met-CO, NPs and siFGL1
mediated by hybrid membrane-coated NPs had a syner-
gistic antitumor immune killing effect, causing a higher
level of tumor cell apoptosis.

Western blot analysis

Some previous studies indicated that Met possesses
improved antitumor immune effects via endoplasmic
reticulum-associated degradation of PD-L1 with AMPK
activation [16]. Additionally, Met may activate AMPK by
causing stress conditions, including mitochondrial dys-
function, which depletes ATP [43]. In many cases, AMPK
is regarded as a tumor suppressor [44]. The expression of
related proteins in cells was analyzed using western blot-
ting. As shown in Fig. 3e, MC-PLGA@Met-CO,/siFGL1
NPs significantly inhibited the expression of PD-L1 in
4T1 cells, with the highest effect observed at a concen-
tration of 10 mM of Met. Simultaneously, the phospho-
rylation levels of AMPK-a in 4T1 cells were significantly
enhanced than that for the control, with the highest effect
observed at a concentration of 2.5 mM of Met (Fig. 3e).
Moreover, the upregulation of FGL1 is related to a poor
prognosis after treatment in several cancers, including
breast cancer [18, 21]. Importantly, FGL1 western blot-
ting (Fig. 3f) demonstrated that MC-PLGA@Met-CO,/
siFGL1 NPs could suppress the expression of FGL1 in
4T1 cells as the concentration of siFGL1 continued to
rise to 100 nM.

Antitumor effect in vivo

After showing excellent activity in vitro, different nano-
formulations were examined using BALB/c mice bearing
4T1 mammary tumors. The tumor volumes and mouse
weights were monitored at the indicated time points
(Fig. 4a). As Fig. 4a shows, tumors in the saline-treated
and siFGL1-treated groups grew rapidly, with the average
tumor volumes reaching over 1235 mm? within 16 days.

(See figure on next page.)

by MC-PLGA@Met-CO,/siFGL1T NPs

Fig. 3 Release of Met from MC-PLGA@Met-CO,/FAM-siFGLT NPs and cytotoxicity evaluation. a Release kinetics of Met from MC-PLGA@Met-CO,/
FAM-siFGL1 NPs at different pH values (pH values of 7.4, 6.0, and 5.0). b After treatment with 10 mM Met mediated by various formulations for

48 h, cell cycles of 4T1 cells were examined using flow cytometry assay, and the graph depicts the quantification analysis for each group. € The
biocompatibility of MC-PLGA NPs. d Apoptosis analysis of 4T1 cells after 48 h treatment with different formulations in the co-culture as evaluated by
flow cytometry using Annexin V- FITC kit and Pl staining. Corresponding statistics on the percentage of and necrotic cells are presented. e Western
blot analysis of PD-L1, AMPK-q, Thr172 protein levels in 4T1 cells after 48-h treatment with different concentrations of Met mediated by MC-PLGA@
Met-CO,/siFGL1 NPs. f Western blot analysis of FGL1 protein levels in 4T1 cells after 48-h treatment with different concentrations of siFGL1 mediated
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The tumor volume increased to a greater extent in the
MC-PLGA@Met-CO, NP-treated and MC-PLGA@
siFGL1 NP-treated groups than in the MC-PLGA@Met-
CO,/siFGL1 NP-treated group (p<0.01). The overall
inhibitory rate by tumor volume was 2.66%, 56.1%, and
97.3% in the siFGL1-treated, MC-PLGA@siFGL1 NP-
treated, and MC-PLGA@Met-CO,/siFGL1 NP-treated
groups, respectively, which illustrates the strong syn-
ergism due to the MC hybrid biomimetic membrane-
camouflaged PLGA NP-mediated delivery. These in vivo
results are consistent with the in vitro results. As shown
in Fig. 4b, none of the groups had a significant loss of
body weight, demonstrating that the systemic toxic-
ity of our therapeutic regimen was low. The weight of
tumor tissues collected from mice on day 16 showed a
similar trend in tumor volume change (Fig. 4c). As shown
in Fig. 4d, the survival period of mice in the Met-CO,-
treated and siFGL1-treated groups was 28 days and
27 days, respectively, vs. 39 days in the MC-PLGA@Met-
CO,/siFGL1 NP-treated group (p<0.01), indicating that
MC-PLGA@Met-CO2/siFGL1 NPs effectively inhibited
tumor growth and prolonged the survival of mice. Treat-
ment with MC-PLGA@Met-CO, NPs and MC-PLGA@
siFGL1 NPs showed slightly improved survival rates,
whereas co-loaded MC-PLGA@Met-CO,/siFGL1 NPs
enhanced the survival period by nearly 40 days (p <0.05).

Flow cytometry analysis and ELISA

To evaluate the anticancer mechanisms of MC-PLGA@
Met-CO,/siFGL1 NPs, we further collected tumor-infil-
trating lymphocytes to analyze the changes in the specific
cellular composition of each tumor by flow cytometry.
Compared with MC-PLGA@Met-CO, NPs and MC-
PLGA@siFGL1 NPs, MC-PLGA@Met-CO,/siFGL1
NPs increased the ratio of CD8™ T cells to CD4™ T cells
(p<0.05) (Fig. 4e-h).

The immune response was also investigated by analyz-
ing intratumoral cytokine levels using ELISA. The pro-
duction of cytokines, including IFN-y and IL- 2, which
are important biomarkers with a profound influence
on the immune response, was determined. As shown in
Fig. 5a, b, the cytokine levels were significantly higher in
MC-PLGA@Met-CO,/siFGL1 NPs group than in MC-
PLGA@Met-CO, NPs and MC-PLGA@siFGL1 NPs
groups (p<0.01).
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Further, H&E and Ki-67 staining analyses were used to
evaluate the antitumor effects of the different treatments.
In the MC-PLGA@Met-CO,/siFGL1 NP-treated group,
extensive nuclear pyknosis and cancer necrosis were
observed on the tumor, indicating severe cancer necrosis
(Fig. 5¢). Furthermore, compared to the other groups, the
MC-PLGA@Met-CO,/siFGL1 NP-treated group showed
decreased expression of Ki-67 in tumor tissues, indicat-
ing a remarkable decrease in tumor cell proliferation.
Collectively, these results indicate the synergistic immu-
notherapy efficacy of siFGL1 and Met.

Immunofluorescence

Hypoxyprobe "-1, a substituted 2-nitroimidazole with a
chemical name of pimonidazole hydrochloride, is widely
used as a specific hypoxic cell marker [45-47]. The
immunohistochemistry results showed that the expres-
sion areas for Hypoxyprobe-1 (Fig. 5d) were smaller with
MC-PLGA@Met-CO, NPs, and MC-PLGA@Met-CO,/
siFGL1 NPs than with the control (p<0.01). As indi-
cated in Fig. 5f, there was a higher expression of CD86
(M1-phenotype TAMs) and lower expression of CD206
(M2-phenotype TAMs) in MC-PLGA@Met-CO, NPs
group and MC-PLGA@Met-CO,/siFGL1 NPs group than
with the control (p <0.01).

To further evaluate the local immune response, an
immunofluorescence staining analysis of tumor-infiltrat-
ing CD8™ T cells in tumor cryosections was conducted.
As indicated in Fig. 5f, compared to that in the MC-
PLGA@Met-CO, NP-treated and MC-PLGA@siFGL1
NP-treated groups, the percentage of intratumoral CD8™
T cells was significantly upregulated relative to the total
number of cells in tumors in the MC-PLGA@Met-CO,/
siFGL1 NP-treated group (p<0.01), which is consistent
with the results of the flow cytometry analysis.

Biosafety assessment and immunohistochemistry analysis
The histologic analysis of the main organs (heart, liver,
spleen, lung, and kidney) showed no obvious abnormali-
ties in any treatment group, similar to the control group
(Fig. 6a). The histology indicates that the systemic tox-
icity of our therapeutic regimen was low. Furthermore,
PD-L1, AMPK-a, Thr172, and FGL1 levels in tumor tis-
sue were evaluated by immunohistochemistry analysis
(Fig. 6b). A mass of PD-L1 proteins (brown) appeared
in the control, Met-treated, and siFGL1-treated groups,

(See figure on next page.)

Fig. 4 In vivo antitumor effect. a Tumor growth profiles during the experimental period of 4T1 tumor-bearing mice in different groups. b
Bodyweight of 4T1 tumor-bearing mice under different treatments. ¢ The tumor weight at the end of the experiment. d Survival rate of 4T1
tumor-bearing mice. e Representative flow cytometry plots of CD4* T cells by different treatments. f Quantitative analysis of the percentage of
CD4™ T cells. g Representative flow cytometry plots of CD8" T cells by different treatments. h Quantitative analysis of the percentage of CD8* T
cells. The mean =+ standard deviation is reported (n=6) *p < 0.05, **p <0.01, **p < 0.001
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but the MC-PLGA@Met-CO, NP-treated and MC-
PLGA@Met-CO,/siFGL1 NP-treated groups showed
lower PD-L1 levels owing to the reduction of PD- L1 by
Met-activated AMPK. AMPK activation was indirectly
evaluated by immunohistochemistry analysis of AMPK
phosphorylation at Thr172, critical for AMPK activ-
ity [48]. As indicated in Fig. 6b, AMPK activation was
reflected by increased AMPK Thr172 in the MC-PLGA@
Met-CO, NP-treated and MC-PLGA@Met-CO,/siFGL1
NP-treated groups compared to that in the other groups.
The reduction in FGL1 expression in the MC-PLGA@
siFGL1 NP-treated and MC-PLGA@Met-CO,/siFGL1
NP-treated groups suppressed the expression of FGL1
in vivo (Fig. 6b).

Discussion

ICIs have emerged as promising candidates for can-
cer immunotherapy by reversing the immunosuppres-
sive mechanisms employed by tumors to reinvigorate
anti-cancer immunity. In the tumor microenvironment,
PD-L1 and its receptor, PD-1, are two typical immune
checkpoints. The interaction between PD-1 and PD-L1
can promote tumor immune escape and tumor survival.
Thus, blocking the PD-L1/PD-1 axis is considered to be
an effective target for cancer immunotherapy. However,
the durable response rate following anti-PD-1/PD-L1
immunotherapy remains relatively low in most cases [49,
50]. Some studies have shown that the blocking effect is
transient and could be weakened due to active redistri-
bution of intracellular PD-L1 to cell membrane [51, 52].
Thus, maintaining the stability of endogenous PD-L1
is important for PD-L1/PD-1 blockade therapy. Many
studies have shown that Met possesses antitumor activ-
ity and maintains high cytotoxic T lymphocyte immune
surveillance, which may be attributable to Met because
it could induce abnormal PD-L1 glycosylation, leading to
endoplasmic reticulum-mediated degradation of PD-L1
and thus, facilitate antitumor immunity. In addition,
the use of ICIs, which have unique properties with non-
overlapping functions, in combination therapy has been
a breakthrough in cancer therapeutics [53, 54]. FGL1/
LAG3 blockade therapies have proven beneficial in pro-
moting T-cell-mediated immune responses and enhanc-
ing antitumor immunity may produce a good synergistic
effect on PD-L1/PD-1 blockade therapy. Therefore, we
developed a pH-triggered CO, gas-generating hybrid
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membrane-biomimetic nanoplatform to deliver Met and
siFGL1 (MC-PLGA@Met-CO,/siFGL1 NPs).

In the present study, the guanidine-modified Met could
expand or break open the hybrid membrane-coated nan-
oparticles in a pH-dependent manner. The membrane
coated NPs were designed to improve the condensation
and endosomal/lysosomal escape of the encapsulated
siRNA. Some reports have suggested that electrostatic
interactions could enhance the encapsulation efficiency
of gene therapeutic agents in NPs [41, 55-57]. The for-
mation of guanidine-modified Met/siRNA complex used
in this study showed a higher amount of siRNA encap-
sulated in the PLGA NPs compared to that used in other
studies [58—60]. Analysis of the size and TEM images of
MC-PLGA@Met-CO,/siFGL1 NPs showed that under
low pH conditions, CO, generated from Met-CO, encap-
sulated in the PLGA NPs could cause the membrane to
expand or break open, resulting in a nanobomb effect.
In addition, the drug release results indicated that Met
released from MC-PLGA@Met-CO,/siFGL1 NPs exhib-
ited a typical sustained and low-pH-triggered release.
This pH-responsive release might be attributed to CO,
generation in the acidic environment, which could avoid
drug leakage during circulation, and induce a faster
release with low-pH triggering in the cellular environ-
ment. Furthermore, the results of intracellular lysosome
escape assay showed that MC-PLGA@Met-CO,/FAM-
siFGL1 NPs (with CO,) exhibit extraordinary endosome
escape ability owing to the presence of CO, produced
under acidic conditions. This study is consistent with pre-
vious reports, in which CO, effectively achieved endoso-
mal escape [40]. In the cell cycle analysis, free Met-CO,
showed a slight G1 phase arrest by AMPK activation,
which agrees with the results of previous studies [61, 62].
MC-PLGA@Met-CO, NPs triggered the highest level of
cell cycle arrest in 4T1 cells, indicating that the delivery
of Met-CO,, mediated by hybrid membrane-coated NPs,
increased the efficacy of cell cycle arrest by Met, which
is consistent with the data from the cellular uptake assay.
Further, tumor cell killing assay conducted by co-culture
has shown an increase in the percentage of apoptosis in
Met-CO, and MC-PLGA@Met-CO, NPs-treated groups.
This result might be due to the ability of Met-CO, to reg-
ulate the immunosuppressive tumor microenvironment
by reducing the stability and membrane localization of
PD-L1 [16].

(See figure on next page.)

Fig. 5 Remodeling of the tumor immune microenvironment. Intratumoral levels of cytokines IFN-y (a) and /L-2 (b) as determined by ELISA. c
Representative images of Ki-67-stained (scale bar, 100 um) and H&E-stained (scale bar, 100 um) tumor tissue. d Representative immunofluorescence
images of tumor slices stained with a hypoxia maker. e Quantitative analysis of the hypoxia marker (histogram). f Representative
immunofluorescence images of tumor slices stained with CD86 (M1, red), CD206 (M2, green), and CD8 (red), respectively; the nucleus was stained
with DAPI (blue). Corresponding quantitative analysis (histogram) of the M1 and M2 (g) and CD8 T cells (h)
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FGL1 is a major ligand of LAG3, which diminishes the
function of T cells and immune evasion, and is upregu-
lated in several human cancers; its expression is limited
in most of the normal tissues and is associated with poor
treatment outcomes [18]. Met can block PD-L1-induced
inhibitory signals and induce cytotoxic T-lymphocyte
activity against cancer cells [16]. To further observe the
synergistic effect of Met and siFGL1 when they are co-
loaded within hybrid biomimetic system, we collected
tumor-infiltrating lymphocytes to analyze the frequency
of CD8" T lymphocytes and CD4" T cells and intratu-
moral cytokine levels at the end of the antitumor treat-
ment in vivo. Our study showed that MC-PLGA@
Met-CO2/siFGL1 NPs significantly increased the ratio
of CD8" T cells to CD4*" T cells and the cytokine lev-
els (IFN-y and IL-2). which suggests that the combina-
tion therapy can induce an effective antitumor immune
response.

In the tumor microenvironment, the hypoxic regions
commonly exist in many solid tumors because of hyper-
metabolism and rapid cell proliferation [63, 64]. Met has
been reported to be competent in depressing mitochon-
drial respiration, resulting in a decrease in endogenous
oxygen consumption, thereby combating hypoxia in the
tumor environment [65]. In addition, Met can affect the
differentiation of TAMs into distinct phenotypes [66,
67]. TAMs display antitumor and pro-tumoral functions
during tumor progression, depending on their polariza-
tion: M1 (pro-inflammatory) and M2 (anti-inflamma-
tory), respectively. The immunohistochemistry results of
hypoxia expression areas suggest that hybrid membrane-
coated Met NPs could effectively alleviate tumor hypoxia.
Meanwhile, our study indicates that hybrid membrane-
coated Met NPs could skew the TAM polarization away
from the M2-phenotype to the M1-phenotype, which is
known to inhibit tumor progression and angiogenesis.
Thus, we have successfully developed hybrid biomimetic
camouflaged NPs with multiple targeting capability and
demonstrated its efficient co-delivery of Met and siFGL1
to the tumor microenvironment and ameliorated the
tumor immunosuppressive microenvironment.

Conclusions

We developed a pH-responsive hybrid biomimetic mem-
brane-camouflaged PLGA nanoparticle system based on
multiple tumor targets and low-pH-activated endosomal/
lysosomal escape to co-deliver the FGL1/LAG3 block-
ade molecule, siFGL1, and immuno-metabolic adjuvant
Met. This hybrid biomimetic system, designed for co-
delivery of Met and siFGL1, exerted a synergistic immu-
notherapeutic effect both in vitro and in vivo by blocking
the inhibitory signals of PD-L1 and FGL1. Additionally,
in vivo antitumor results showed that the Met-loaded
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hybrid biomimetic membrane-camouflaged PLGA NP
delivery system could effectively alleviate tumor hypoxia
and induce Ml-type differentiation of tumor-related
macrophages, thereby improving the tumor immuno-
suppressive microenvironment. Overall, our results indi-
cated that MC-PLGA@Met-CO,/siFGL1 NPs have the
potential to become a promising strategy to optimize
cancer immunotherapy using combination therapy with
multiple ICIs.
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